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Abstract: Nanozyme is a type of nanomaterial with intrinsic enzyme-like activity. 
Following the discovery of nanozymes in 2007, nanozyme technology has become an 
emerging field bridging nanotechnology and biology, attracting research from multi- 
disciplinary areas focused on the design and synthesis of catalytically active nanozymes. 
However, various types of enzymes can be mimicked by nanomaterials, and our current 
understanding of nanozymes as enzyme inhibitors is limited. Here, we provide a brief 
overview of the utility of nanozymes as inhibitors of enzymes, such as R-chymotrypsin 
(ChT), β-galactosidase (β-Gal), β-lactamase, and mitochondrial F0F1-ATPase, and the 
mechanisms underlying inhibitory activity. The advantages, challenges and future research 
directions of nanozymes as enzyme inhibitors for biomedical research are further discussed. 
Keywords: nanozyme, R-chymotrypsin inhibitor, β-galactosidase inhibitor, β-lactamase 
inhibitor, mitochondrial F0F1-ATPase inhibitor

Introduction
In the early 1960s, the Japanese scientist Umezawa put forward the concept of 
“enzyme inhibitor”, a compound that specifically acts on certain groups of the 
enzyme, thereby affecting the active center and leading to a decline in the rate of 
enzymatic reaction.1 Enzyme inhibitors have been shown to play important roles in 
various biomedical and clinical areas, from biometrics to treatment of numerous 
diseases including diabetes,2 emphysema,3 Alzheimer’s disease,4 and even cancer.5 

Although the existence of enzyme inhibitors in organisms is as widespread as 
enzymes, less than 10% plant species have been tested for any type of biological 
activity. At present, enzyme inhibitors are mainly derived from plants, microorgan
isms and chemical synthesis.6 However, screening for plant- or microorganism- 
derived enzyme inhibitors often produces a large number of “false-positive” results, 
which interferes with the identification of true active components7 and enzyme 
inhibitors obtained through chemical synthesis inevitably display highly selective 
inhibitory activity on one or a few types of enzymes.8,9 Moreover, high concentra
tions of small-molecule inhibitors are usually required to maintain their bioactiv
ities, inevitably resulting in non-targeted effects and toxicity.10 Therefore, 
development of inhibitors with a broad spectrum of activity remains a hot topic 
for future research.

Nanozymes are a class of nanomaterials with intrinsic enzyme-mimicking 
characteristics, mainly including peroxidase-, oxidase-, catalase-, and superoxide 
dismutase-like activities.11 Compared with natural enzymes, nanozymes are more 
stable at a wider range of pH and temperatures in addition to several advantages, 
such as low cost, high stability and easy large-scale preparation.12 The multi- 
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enzyme activities of nanozymes have been successfully 
applied in numerous fields, such as biosensor develop
ment, cancer treatment, environmental protection, and 
antimicrobial therapy.13–16 Unexpectedly, in addition to 
their biocatalytic functions, nanozymes have been shown 
to selectively bind different enzymes and inhibit their 
activities, further extending their potential biomedical 
applications.

In this review, we have focused on the nanomaterials 
that worked as both nanozymes and enzyme inhibitors, 
and discussed their properties, inhibitory mechanisms, 
and novel applications. The current status and future per
spectives are summarized, with the aim of providing novel 
insights that could aid in improving the design of new 
enzyme inhibitors and better understanding the biological 
activities of nanozymes.

Nanozymes as R-Chymotrypsin 
Inhibitors
R-chymotrypsin (ChT) was first identified as a structured 
serine protease by Blow.1 Among the multiple known 
serine proteases, ChT is considered an excellent system 
for exploring protein surface recognition to achieve direct 
inhibition of active sites due to its geometry and extensive 
enzymatic properties.17 In this regard, small-molecule 
inhibitors, such as porphyrin derivatives and cyclodextrin 
dimers, have been recently designed as receptors for the 
interaction domain of the protein periphery surface to 
regulate enzyme behavior.18,19 More recently, nanomater
ials have attracted significant attention as suitable and 
promising candidates to achieve protein surface recogni
tion owing to two unique properties not displayed by 
small-molecule inhibitors: 1) large receptor surface areas 
that promote efficient protein surface contact and binding 
and 2) easy fabrication to provide useful and functiona
lized structures.20

To obtain functional nanomaterials similar to protein 
surfaces, You et al21 constructed carboxylic acid- 
functionalized gold nanoparticles with different L-amino 
acids (Figure 1A) and investigated their effects on the rate 
of ChT-catalyzed N-succinyl-L-alanine-p-nitroanilide 
(SPNA) hydrolysis. Gold nanoparticles are known to pos
sess peroxidase-, oxidase-, and glucose oxidase-like 
activities.22 In the presence of negatively charged amino 
acid-modified gold nanoparticles, such as NP_Gly, NP_L- 
Gln, NP_L-Asn, NP_L-Glu, NP_L-Asp, NP_L-Phe, 
NP_L-Leu, NP_L-Met, NP_L-Val, and NP_L-Ala, the 

rate of ChT-catalyzed SPNA hydrolysis was reduced, sup
porting a significant inhibitory effect on ChT activity. In 
contrast, gold nanoparticles modified with positively 
charged amino acids (NP_L-Arg) exerted no obvious 
effects on ChT activity (Figure 1B). These results indicate 
that complementary electrostatic interactions between 
nanoparticles and ChT provide the main driving force for 
the formation of high-affinity complexes. The ChT active 
site is surrounded by cationic residues, which favorably 
bind negatively charged gold nanoparticles. More impor
tantly, in a study on structural stability of proteins, the 
circular dichroism (CD) spectrum of ChT was completely 
dependent on the amino acid side-chains of nanoparticles. 
In the presence of gold particles with a hydrophobic amino 
acid side-chain, NP-L-Leu, almost no changes in the CD 
spectrum of ChT were observed, while nanoparticles with 
hydrophilic L-Asn and L-Asp side-chains induced varying 
degrees of CD spectral changes (Figure 1C). To under
stand the denaturation kinetics of ChT in the presence of 
nanoparticles, a more sensitive steady-state fluorescence 
spectroscopy method was used to analyze the characteris
tic fluorescence of tryptophan residues in ChT. The degree 
of denaturation of ChT is reflected by differences in fluor
escence shift values. Notably, after incubation with nano
particles for 24 h, hydrophilic NP_L-Asp induced about 
90% ChT denaturation while hydrophobic NP_L-Leu only 
induced 20% denaturation (Figure 1D). A reasonable 
explanation for this finding is that the side-chains of 
hydrophobic amino acids only interacted with hydrophobic 
plaques on the ChT surface, preserving the protein struc
ture in the same way as natural protein-protein interac
tions, while hydrophilic L-Asn and L-Asp induced ChT 
degeneration by competing for hydrogen bonds or destroy
ing salt bridges. It suggested that the carboxylate function 
facilitated the denaturation process, and the formation of 
competitive hydrogen bonding might destabilize the α- 
helices in ChT and disrupt their secondary structure. 
Thus, the surface properties of nanomaterials play a key 
role in controlling the regulation of ChT association/dis
sociation/stability/denaturation. To further improve the 
versatility of surface receptors, it is possible to introduce 
extra ligand functionality, such as carboxylic acid recogni
tion elements, to nanoparticle interfaces.

ChT, a representative serine protease, displays 
a characteristic structure. As shown in Figure 2A, the 
active site is surrounded by a positively charged residue 
loop while some hydrophobic “hot spots” are distributed 
on the surface. Owing to this structural feature, 
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electrostatic interactions play an important role in 
enzyme-substrate binding (Figure 2B). Studies by You 
et al23 demonstrated that amino acid (carboxylic acid 
group)-functionalized gold nanoparticles form supramo
lecular complexes with ChT (ChT-nanoparticle com
plexes) that display different enzymatic kinetics for 
three SPNA-derived substrates with diverse charge char
acteristics (cationic SPNA (S1), neutral SPNA (S2) and 
anionic SPNA (S3); Figure 2C). After the formation of 
ChT-nanoparticle complexes, the substrate-binding abil
ity of ChT depends on electrostatic interactions between 
the amino acid monolayer and various substrates. In this 
case, the SPNA hydrolysis rate was in the order 

S1>S2>S3. Compared with S1, the specificity constant 
of ChT for S3 was significantly decreased due to the 
strongest electrostatic repulsion between the monolayer 
and substrate (Figure 2D). These results indicate that the 
amino acid-functionalized gold nanoparticles as nanore
ceptors regulate rather than simply inhibit ChT activity. 
The inhibitory activity of nanoparticles on enzymes is 
distinct from traditional competitive and non- 
competitive mechanisms,24 which is not only for the 
preparation of enzyme regulators based on surface recog
nition provides an effective scaffold, but also has broad 
application prospects in protein stability, modification 
and delivery.

Figure 1 (A) Amino acid-decorated cluster surface that consists of carboxylic acid recognition elements as well as extra functions for perturbation. The relative sizes of 
amino acid-functionalized gold nanoparticles and ChT. The surface of ChT is patterned with the electrostatic surface potential, showing basic and acidic domains on protein 
surface. (B) Normalized activity of ChT with nanoparticles bearing various amino acid side chains. (C) Circular dichroism spectra of ChT and ChT with nanoparticles after 24 
h incubation. The weak CD signal of the nanoparticles has been subtracted from that of the complex. (D) Fluorescence spectra of ChT and ChT with nanoparticles after 24 
h incubation. Reprinted with permission from You CC, De M, Han G et al Tunable inhibition and denaturation of α-Chymotrypsin with amino acid-functionalized gold 
nanoparticles. J Am Chem Soc. 2005;127(37):12873–12881. Copyright (2005) American Chemical Society.21
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Graphene oxide (GO) has been reported as a nanozyme 
possessing peroxidase-like activity.25 Furthermore, GO can 
act as an artificial ChT inhibitor due to unique properties, 
such as surface functionality, large surface area to mass 
ratio, and flexibility. De et al26 introduced carboxylate 
groups into native GO, which bound the cationic surface 
residues of ChT and simultaneously inhibited catalytic 
behavior towards anionic substrates (Figure 3A). Further 
evaluation of the effect of GO on ChT revealed that com
plete inhibition was achieved at a GO concentration of 20 
μg/mL (Figure 3B). Compared with other reported artificial 
ChT inhibitors, GO exerted the highest inhibitory effect 
(Figure 3C). More importantly, receptor interaction was 
highly biocompatible and the secondary structure of the 
protein maintained for a longer time period, as evident 
from fluorescence and CD spectra (Figure 3D). This high 
efficiency was attributed to the flexibility of the monolayer 

of GO, which facilitated adaptation to the surface curvature 
of the protein. The GO monolayer membrane could bind in 
a firm and compatible manner to the ChT surface, and the 
presence of hydrophobic aromatic groups in GO enhanced 
its affinity to hydrophobic “hot spots” around the active 
sites of ChT. Therefore, modification of GO with various 
active biomolecules could expand its biological applicabil
ity as an effective inhibitor with higher specificity and 
selectivity.27

Nanozymes as β-Galactosidase (β- 
Gal) Inhibitors
Similar to ChT, β-galactosidase (β-Gal) is a typical pro
teolytic enzyme that plays a crucial role in catalyzing 
hydrolysis of lactose to galactose.28 Upregulation of β- 
Gal is usually related to the occurrence of primary ovarian 
cancer and cell aging, and β-Gal inhibitors have been 

Figure 2 (A) Molecular structure of R-chymotrypsin. (B) Schematic representation of monolayer-controlled diffusion of the substrate into and the product away from the 
active pocket of nanoparticle bound ChT. (C) Chemical structure of amino-acid-functionalized gold nanoparticles and SPNA-derived substrates. (D) Generation rate (V) of 
4-nitroaniline from different substrates under catalysis by ChT or ChT-nanoparticle complex. Inset shows the normalized activity of ChT-NP complex to ChT toward 
different substrates. Reprinted with permission from You CC, Agasti SS, De M et al Modulation of the catalytic behavior of α-Chymotrypsin at monolayer-protected 
nanoparticle surfaces. J Am Chem Soc. 2006;128(45):14612–14618. Copyright (2006) American Chemical Society.23
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developed for application in clinical diagnosis of a number 
of diseases.29

Given the diversity of enzyme inhibitors, the develop
ment of novel nanoparticle inhibitors with unconventional 
structures has become a focus of research direction in 
recent years.30 The biocatalytic inhibitory activities of 
these new inhibitor types strongly depend on shape 
effects due to their diverse geometries. Earlier reports 
have shown that ZnO NPs with peroxidase activity have 
potential shape regulation capacity.31 Cha and co-workers 
fabricated three types of zinc oxide nanoparticles (ZnO 
NP) with different geometries by altering the shape and 
surface chemistry, including hexagonal nanopyramids, 
nanoplates and nanospheres (Figure 4A–C), and 

systematically compared the inhibitory effects of the dif
ferent ZnO NPs on catalytic capacity of β-Gal. Their 
results showed that enzyme activity gradually decreased 
with increasing concentrations of nanopyramids and 
nanoplates but remained unchanged for all concentrations 
of nanospheres (Figure 4D–F). Moreover, relative to 
nanoplates, sharper apexes and edges of ZnO nanopyra
mids resulted in a higher degree of geometrical matching 
with the enzyme surface around the active center, thus 
inducing the strongest inhibitory effects. Therefore, in 
addition to hydrogen bonding and Vender Waals forces, 
molecular shape-dependent inhibitory behavior is respon
sible for weakening of the binding affinity of the substrate 
to the active site.

Figure 3 (A) Schematic diagram of GO inhibition ChT principle. (B) Activity of ChT plotted as a function of GO concentration in sodium phosphate buffer (pH 7.4) using 
SPNA as a substrate. The activities were normalized to that of ChT. (C) Degrees of inhibition and relative concentrations of various inhibitors used for altering the ChT 
activity. The right-bottom corner represents the most efficient inhibitor. (D(a)) CD spectra and (b) Tryptophan fluorescence of ChT with GO at different times. Reprinted 
with permission from De M, Chou SS, Dravid VP. Graphene oxide as an enzyme inhibitor: Modulation of activity of α-Chymotrypsin. J Am Chem Soc. 2011;133(44):17524–
17527. Copyright (2011) American Chemical Society.26
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Nanozymes as β-Galactosidase (β- 
Gal) and R-Chymotrypsin (ChT) 
Inhibitors
Unlike various traditional small-molecule inhibitors that 
target active sites, nanomaterials are more likely to act as 
broad-spectrum inhibitors due to their unique inhibitory 
mechanisms and biocompatibility. As a typical transition 
metal dichalcogenide, MoS2 has the ability to mimic 
peroxidase.32 Earlier, Karunakaran et al33 demonstrated that 
MoS2, after surface modification through facile thiol chem
istry, could simultaneously inhibit β-Gal and ChT activity 
(Figure 5A). ChT contains positively charged residues 
around the active site that combine with negatively charged 
macromolecules, resulting in inhibition of enzymatic activ
ity. Negative ligand-conjugated MoS2 exhibited high inhi
bitory activity for ChT (up to 90%) at a concentration of 3 
μg/mL. Conversely, positive MoS2 exerted limited inhibi
tory effects on ChT activity (Figure 5B (a) and 5B (b)). In 
addition, positively charged MoS2 at a concentration of 4 

μg/mL interacted with negatively charged β-Gal through 
electrostatic interactions to significantly inhibit activity 
(~90%) of the enzyme (Figure 5B). In contrast, neutral 
ligand-conjugated MoS2 exerted no significant inhibitory 
effects on both enzymes, even at high concentrations 
(Figure 5B (c) and 5B (d)).

Nanozyme as β-Lactamase 
Inhibitors
The discovery of penicillin in 1929 is considered 
a milestone in the history of medicine.34 Penicillin was 
successfully used as clinical treatment for bacterial infec
tions in the 1940s. However, within a few years of using 
penicillin therapy, several bacterial strains began to exhibit 
antibiotic resistance through natural production of penicilli
nase. Penicillinase, also known as β-lactamase, can destroy 
the β-lactam ring structure of penicillin to inactivate drugs.35 

Therefore, β-lactamase-controlled drug resistance poses 
a serious threat to the widespread clinical application of 
antibiotics. In this situation, development of appropriate β- 

Figure 4 TEM images of ZnO (A) nanopyramids (nPYs), (B) nanoplates (nPLs), and (C) nanospheres (nSPs). (D) Relative catalytic activity of GAL in the presence of three 
different shaped ZnO NPs after 60 min incubation time. Each relative catalytic activity of GAL with ZnO NPs was normalized with respect to free enzyme activity. The values 
for (E) Vmax and (F) Km of GAL were calculated from the Michaelis-Menten equation. Reprinted with permission from Cha SH, Hong J, McGuffie M et al Shape-dependent 
biomimetic inhibition of enzyme by nanoparticles and their antibacterial activity. ACS Nano. 2015;9(9):9097–9105. Available from: https://pubs.acs.org/doi/abs/10.1021/ 
acsnano.5b03247.30
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lactamase inhibitors presents one of the most crucial strate
gies to combat multidrug-resistant bacterial infections. To 
date, various small-molecule inhibitors with similar struc
tures to penicillin have been designed, such as clavulanic 
acid, sulbactam and tazobactam.36 However, almost all 

these inhibitors contain a lactam ring and cannot be used 
as general inhibitors due to distinct inactivation mechanisms 
for different types of β-lactamases. Nanomaterials have 
many advantages over small-molecule inhibitors as potential 
β-lactamases inhibitors, such as large surface area and 

Figure 5 (A) Functionalized MoS2 interactions with different charges and different proteins. (B(a and b)) Enzymatic activity of ChT as a function of inhibitor concentrations 
in sodium phosphate buffer (pH 7.4) using SPNA as a substrate. The activities were normalized to that of only ChT. (c and d) Enzymatic activity of β-Gal as a function of the 
same inhibitor concentrations in sodium phosphate buffer (pH 7.4) using o-nitrophenyl-β-D-galactopyranoside as a substrate. The activities were normalized to that of only 
β-gal. Reprinted with permission from Karunakaran S, Pandit S, De M. Functionalized two-dimensional MoS2 with tunable charges for selective enzyme inhibition. ACS Omega. 
2018;3(12):17532–17539. Available from: https://pubs.acs.org/doi/10.1021/acsomega.8b02598.33
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surface functional modification, which significantly alter 
enzyme activity through multivalent interactions or steric 
hindrance, and display enhanced efficacy in combination 
with various β-lactamases.

Pandit et al37 synthesized several functionalized two- 
dimensional molybdenum disulfide (2D-MoS2) nanomaterials 
as enzyme inhibitors. The group showed that carboxylate- 
functionalized negatively charged MoS2 is a potent inhibitor 
that effectively blocks the active site of β-lactamase and exhi
bits competitive inhibitory activity. The mechanism of inhibi
tion was structurally attributed to the active center of β- 
lactamase being surrounded by cationic (lysine and arginine) 
residues (Figure 6Aa). Moreover, electrostatic interactions and 
steric blockage between enzymes and inhibitors additionally 
played an important role (Figure 6Ab). Combined antibacterial 
effects against methicillin-resistant Staphylococcus aureus 
(MRSA) using MoS2 as a β-lactamase inhibitor and ampicillin 
as an antibiotic were additionally evaluated. The results 
showed that under conditions of co-treatment of ampicillin and 
MoS2, growth of MRSA was inhibited with a delay in the 
bacterial growth rate in an MoS2 dose-dependent manner 
(Figure 6Ba and b), indicating that in the presence of the β- 
lactamase inhibitor, MoS2, destruction of the antibiotic agent, 
ampicillin, by the MRSA bacterial strain could be prevented, 
resulting in delayed bacterial growth. However, in the pre
sence of negative functionalized MoS2 only, bacterial growth 

was not significantly disrupted (Figure 6Bc), even at a very 
high concentration (25 μg/mL; Figure 6Bd), suggesting that 
MoS2 with negative ligands does not inhibit bacterial growth 
and is not toxic to microorganisms. This strategy combines the 
unique mechanisms and controllable biological activity of 
nanomaterials as enzyme inhibitors, providing a novel solution 
for clinical antibiotic resistance. Functionalized nanomaterials 
were more effective as combination therapy in antibacterial 
tests of MRSA in vitro, suggesting that enhanced inhibitory 
effects could be achieved by adjusting the nanomaterial 
surface.

Metallo-β-lactamases (MBL) represent one of the β- 
lactamase types that hydrolyze a broad spectrum of β-lactam 
antibiotics. Currently, no inhibitors that can effectively sup
press enzyme hydrolysis activity are available in the clinic.38 

Verona integron-encoded-2 (VIM-2), a subclass of MBLs, is 
a negatively charged protein with Zn2+-dependent enzyme 
activity.39 In a systematic investigation by Huang and co- 
workers,40 the effects of various nanomaterials on VIM-2 
catalytic activity were explored. Among the ten nanomaterials 
examined with different surface properties, graphene oxide 
(GO) and carbon nanotube (CNT) exerted significant inhibi
tory effects on VIM-2 in a dose-dependent manner (Figure 7A 
and B). Interestingly, this strong suppression effect contributed 
to hydrophobic interactions between VIM-2 and nanomater
ials, but not electrostatic interactions (Figure 7C and D). 

Figure 6 (A(a)) Structure of β-lactamase. The active site (red) of β-lactamase is surrounded by lysine and arginine (blue) residues. (b) Activity of β-lactamase in the presence of 
increasing concentration of various 2D MoS2 in HEPES buffer (pH 7.3) using nitrocefin as a substrate. (B) Growth curve analysis for the bacterial strain MRSA, treated with ampicillin 
with various concentrations of negative functionalized MoS2 at 37°C. (a) The bacterial growth curves over a period of 16 h, in a real-time kinetic cycle. (b) The lag phase diagram and (c) 
first derivative growth rate for quantitative analysis of the growth curve. (d) Growth curve analysis for the bacterial strain MRSA, treated with various concentrations of negative ligand 
molecule at 37°C over a period of 16 h, in a real-time kinetic cycle. Reprinted with permission from Ali SR, Pandit S, De M. 2D-MoS2-Based β-Lactamase Inhibitor for combination 
therapy against drug-resistant bacteria. ACS Applied Bio Materials. 2018;1(4):967–974. Copyright (2018) American Chemical Society.37
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Similar to VIM-2, both GO and CNT possess hydrophobic 
regions that may play a key role in disrupting enzyme- 
catalyzed reactions. Additionally, CNT exerted a more signifi
cant inhibitory effect at lower concentrations than GO. Owing 
to its smaller diameter, CNT fits more efficiently into the 
enzyme hydrophobic core. Distinct from the competitive inhi
bitory mechanisms of nanomaterials against ChT, GO exhib
ited strong non-competitive inhibition activity without 
inducing changes to the enzyme structure.

Nanozyme as Mitochondrial 
F0F1-ATPase Inhibitors
F0F1-ATPase, also known as adenosine triphosphate 
(ATP) synthase, participates in the synthesis of ATP 
to meet the high energy requirements of cells.41 ATP 
synthase is composed of F0-ATP synthase and F1-ATP 
synthase subunits.42 H+ proton flux through the F0-ATP 
synthase subunit drives the mechanical rotation of the γ 
and ε subunits within F1-ATP synthase, leading to 

synchronized conformational changes and production 
of ATP with high kinetic efficiency.43,44 Under patho
logical conditions (ie, hypoxia), the F0-ATP synthase 
subunit paradoxically hydrolyses ATP, which is respon
sible for causing mitochondrial dysfunction linked to 
cell death.45–47 Therefore, inhibition of F0-ATP hydro
lase catalytic activity plays an essential role in main
taining normal cellular metabolism, especially in 
conditions where mitochondrial ATP hydrolysis is 
exacerbated.

Carbon nanotubes (CNT) are one of most widely 
characterized nanomaterials with high biocompatibility 
and high selectivity for subcellular components, in par
ticular, mitochondria.48,49 Michael and co-workers50 

examined the potential of oxidized CNT family mem
bers to induce inhibition of mitochondrial F0-ATP 
hydrolase toxicity. Compared to pristine multi-walled 
carbon nanotubes (CNT-1) that displayed no inhibitory 
activity, oxidized CNT family members (CNT2-9) 

Figure 7 Kinetics of nitrocefin color change induced by VIM-2 in the presence of various concentrations of nanomaterials: (A) GO, (B) CNT, (C) 50 nm SiO2 NPs, and (D) 
cationic DOTAP liposomes. Reprinted with permission from Huang PJJ, Pautler R, Shanmugaraj J et al Inhibiting the VIM-2 metallo-β-lactamase by graphene oxide and carbon 
nanotubes. ACS Appl Mater Inter. 2015;7(18):9898–9903. Available from: https://pubs.acs.org/doi/abs/10.1021/acsami.5b01954.40
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markedly suppressed F0-ATP hydrolase activity at 
a concentration of 5 µg/mL. Deprotonated oxidized 
moieties, such as CNT-O- and CNT-COO-, could inter
act electrostatically with H+ protons, preventing H+ pro
ton flux through F0-ATP synthase and subsequent 
rotation of the γ and ε subunits of F1-ATP synthase 
(Figure 8A). Notably, toxicological inhibition of F0- 
ATP hydrolase induced no effects on mitochondrial 
membrane potential (MMP) (Figure 8B). The collective 
findings should promote further rational design of car
bon nanomaterial structures to fulfill novel applications 
based on toxicological regulation and provide new 
opportunities for emerging research fields, such as mito
chondrial nanotoxicology.

Discussion
In this report, achievements in the application of various 
nanomaterial-based enzyme inhibitors in recent years 
have been comprehensively reviewed. It is worth 
emphasizing that these nanomaterials possess the ability 
serving as both nanozymes and enzyme inhibitors (Table 
1). The versatility of nanozymes has significant pro
spects in the field of biomedicine. However, consider
able challenges remain in terms of exploring the infinite 
potential of nanozymes as enzyme inhibitors due to 
a number of reasons. (1) Most nanozyme-based inhibi
tors lack the specific recognition capability of traditional 
small-molecule inhibitors and are therefore unlikely to 
act selectively through electrostatic or hydrophobic 

Figure 8 (A) H+-F0-ATPase save for the pristine multi-walled carbon nanotube (CNT-1) that show low ability to induce F0-ATPase nanotoxicity-based inhibition in isolated 
rat liver mitochondria. (B) ATP-hydrolysis inhibition by CNT-family members at maximum concentration of 5µg/mL in isolated-rat liver mitochondria (RLM). (a) Untreated- 
RLM (J-aggregates: red fluorescence); (b) KCN+p-CNT-treated-RLM (miptotic J-monomers: green fluorescence); (c) KCN+CNT-OH (CNT2-CNT5) treated-RLM 
(J-aggregates mixed miptotic J-monomers: red to pseudo-colored red fluorescence); (d) KCN+CNT-COOH (CNT6-CNT9) treated-RLM (J-aggregates: red fluorescence). 
Reprinted with permission from González-Durruthy M, Manske Nunes S, Ventura-Lima J et al Mitotarget modeling using ANN-classification models based on fractal SEM 
nano-descriptors: Carbon nanotubes as mitochondrial F0F1-ATPase inhibitors. J Chem Inf Model. 2019;59(1):86–97. Copyright (2018) American Chemical Society.50
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interactions. Once the surface of nanomaterials is 
blocked by other proteins, their activity as inhibitors of 
target enzymes is markedly reduced. (2) A considerable 
number of targets exist mainly in the form of intracel
lular enzymes (although they can also be released into 
the surrounding medium) and in order to effectively 
inhibit enzyme activity, nanomaterials need to cross the 
cell membrane, which is a key challenge in the devel
opment of effective enzyme inhibitors. (3) The long- 
term safety of nanomaterials remains to be ascertained. 
Further studies focused on optimizing and improving the 
structures of nanozymes are therefore warranted to 
improve their specificity and explore potential novel 
applications.
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